Introduction
Recently, there is interest for consumption of fresh or minimally processed food. Fish and fish products are highly perishable foods and their freshness is lost rapidly during post-mortem autolytic degradation produced by microorganisms and endogenous enzymes, causing an important loss of quality [1] . Furthermore, the degradation of proteins creates the favourable conditions for the growth of microorganisms responsible for the formation of compounds to release unpleasant odours [2] . Seafood is more vulnerable to post-mortem textural deterioration than other food products such as meat or chicken [3] .
Frozen storage is one of the most used methods to preserve the fish properties such as the sensory and nutritional properties [4] . During frozen storage, the degree of fish deterioration is influenced by factors like fish species, temperature and time of storage and endogenous enzymatic activity [5] . The occurrence of highly unsaturated fatty acids and pro-oxidant molecules in fatty fish species can generate rancidity due to enzymatic and non-enzymatic processes [6] . Thermal processing can decrease the microbial load and the activity of lipolytic enzymes. However, it can damage polyunsaturated fatty acids, flavour compounds and vitamins [7] .
High-pressure processing (HPP) is a non-thermal technique of growing interest for the food industry. HPP has advantages over the traditional thermal processing, because it retains better the food properties, mainly nutritional and organoleptic, while inactivates microbial growth leading to safety enhancement and a shelf-life extension [8] [9] [10] [11] [12] [13] . Consumers usually associate the colour of seafood with Abstract High-pressure processing (HPP) is a non-thermal technique of growing interest for fish preservation. In this work, the effect on physical properties of European hake (Merluccius merluccius) caused by HPP, followed by freezing and frozen storage at −10 °C for 5 months, was evaluated in an accelerated frozen storage study. , expressible water and texture parameters were evaluated on raw and cooked muscles. Results showed that a low-pressure level (150 MPa) allowed adequate expressible water for raw muscle up to 2.5 months of frozen storage time. Values of 150 or 169.27 MPa did not cause significant changes on L * values of raw muscle. Overall, HPP led to changes on texture parameters of fresh muscle before and after cooking. However, 300 MPa and 5 months of frozen storage showed adhesiveness values for raw muscle alike that of non-treated fresh muscle. Moreover, 150-300 MPa for 5 months of frozen storage resulted in cohesiveness and chewiness values for cooked muscle like cooked fresh hake, showing that the HPP improves the quality of frozen hake. freshness having better flavour and higher quality [14] . HPP has less effect on the fish colour than thermal processing [15, 16] .
The HPP processing inhibits the activity of a wide variety of food enzymes, including oxidative endogenous enzymes. It is usually applied in the range 150-450 MPa. HPP showed potential applications to reduce enzymatic activity involved in seafood texture deterioration [3, 17] . This is particularly important for fatty fish species. Activity of endogenous enzymes were inhibited in Atlantic mackerel (Scomber scombrus) and horse mackerel (Trachurus trachurus) when HPP pre-treatment followed by freezing and frozen storage was applied [18, 19] . An inhibition of lipid deterioration was also detected [20, 21] . Recently, it was also observed in sardine (Sardina pilchardus) [22] .
Food functional properties can be modified by HPP. Therefore, it can be used to create new product textures by the food industry [23] . Variables such as pressure level, pressure holding time, and pressurisation rate, show an influence on the functional and sensory properties and microbiological load of fish. Furthermore, the effect of HPP on the fish quality varies with fish species.
HPP treatments can have also negative effects on food quality. They affect intermolecular bonds that may provoke conformational changes in proteins, lipids, polysaccharides and water contents. The main effects can be to modify electrostatic and hydrophobic interactions affecting the protein structures (secondary, tertiary, and quaternary) [2] .
The pressure levels and holding times needed to decrease the microbial load can denature myofibrillar proteins and produce changes in mechanical properties, protein functionality and visual appearance of fish muscle [24] . A change in the myofibrillar protein profiles was observed in sea bass fillets. Proteins with molecular weight below 30 kDa increased and those with lower isolectric point values decreased. This could explain the whitish colour and the decrease of water holding capacity of fish muscle observed [5] . In chilled coho salmon (Oncorhynchus kisutch), an increase of hydrostatic pressure caused a lipid oxidation development augmentation [25] and a marked protein damage in the sarcoplasmic fraction [26] . Therefore a carefully selection of the conditions used in HHP pre-treatments is necessary to minimise undesirable changes in the fish muscle quality.
The HPP treatment followed of freezing and frozen storage of fish species such as Atlantic mackerel (S. scombrus) and horse mackerel (T. trachurus) were studied by our group [27, 28] . Results of these studies showed a species-dependent effect what can be due to differences in fat composition.
The European hake (Merluccius merluccius) is a lean fish, widely consumed in many countries because of its high nutritional value and recognised health benefits. The frozen storage of hake is strongly limited by the trimethylamine oxide breakdown into dimethylamine (DMA) and formaldehyde (FA), two highly deteriorative compounds. Consequently, great attention is being devoted by manufacturers to find technological treatments susceptible to inhibit such breakdown in order to increase the shelf-life time and accordingly, its trading value. Other published studies were not found about the effects of HPP pre-treatments of freezing and frozen storage on this fish species. Therefore, the aim of this work was to study the changes on colour and functional properties of frozen European hake (M. merluccius) caused by HPP before freezing and frozen storage. The effect of HPP on functional properties was evaluated in raw and cooked fish.
Materials and methods

Raw fish, processing, storage and sampling
European hake (M. merluccius) was obtained at the Vigo harbour (Galicia, northwest Spain), being caught close to the Galician coast and immediately transported to the "Plataforma Tecnológica Multidisciplinar Alta Pressão" (University of Aveiro, Portugal) in a refrigerated truck. Samples (102 specimens) were packed in polyethylene bags and vacuum sealed (400 mbar). Specimens' length ranged 27.5-29.5 cm and the weight ranged 180-205 g.
HPP were implemented in a high-pressure equipment (55-L-WAVE 6000-55HT; Hyperbaric, Spain). HPP levels studied were 150, 169.27, 300, 430.73 and 450 MPa. The pressure levels were achieved at 3 MPa/s yielded 50, 56.42, 100, 143.58 and 150 s, respectively. In all cases, the holding time of the pressure was 2 min and the decompression time was less than 3 s. Cold pressurising water was used to maintain temperature conditions during HP treatment under 20 °C. Following HPP processing, individual hakes were frozen (−20 °C) before freezing storage (−10 °C) as described earlier [28] . Control samples at 0.1 MPa (atmospheric pressure) were also studied. Sampling was at 0, 0.32, 2.5, 4.68 and 5 months. The temperature in this study (−10 °C) was selected as an accelerated storage test. The sample processing for analysis followed the procedure described earlier [28] . Cooked samples were obtained heating an oven at 200 °C for 10 min.
Colour parameters and expressible water (E w )
Colour was only determined in raw samples by the procedure described previously [29] . A colorimeter ColorStriker (Mathai, Hannover, Germany) was used. L * , a * , and b * values were determined. Nine measures were carried out for each treatment and replicate. The E w was measured in samples (raw and cooked) by the procedure defined in the literature [30] . Each treatment and replicate was analysed four times.
Texture profile analysis (TPA)
Textural parameters for each treatment was studied in raw and cooked fish samples. A texturometer (TA-XTplus, Stable Micro System, UK) were used with a cylindrical probe (P/50 −50 mm diameter). Samples were cut into cubes of 2 × 2 × 1.5 cm and compressed at 60 mm/min until to reach the 75% of the original height. Five textural parameters (chewiness, hardness, cohesiveness, springiness and adhesiveness) were determined. For each treatment, seven samples were evaluated [31] [32] [33] .
Statistical analysis
The experimental design was statistically analysed using the Design Expert ® 7.1.1 (Stat-Ease, Inc., MN, USA). The set of experiments followed a central composite design (CCD). This design has three groups of points (a) two-level factorial design points; (b) axial points; (c) centre points. This design has 5 levels of the independent variables with desirable statistical properties. In this case, to study the range 150-450 MPa, the design gives the following levels: 150, 169.27, 300, 430.73 and 450 MPa. The models used and the statistical approach are described earlier [22] .
Results and discussion
Expressible water content (E w )
Ew is correlated to the water holding capacity of fish flesh. Consequently, any fish treatment must have a minimal influence on E w if an adequate sensory quality is desirable because it affects the juiciness perceived by consumers.
The values of expressible water of raw and cooked samples without HPP (controls) for the frozen storage time studied are shown in Table 1 . The average values for fresh fish were 33.92 ± 2.24% (w/w) before cooking and 36.66 ± 1.60% (w/w) for cooked samples. The frozen storage of fresh fish led to changes in the expressible water values of both raw and cooked muscle. After frozen storage for 5 months at −10 °C, expressible water increased up to 42.72% (w/w) before cooking and 40.70% (w/w) after cooking.
The expressible water values of raw muscle subjected at HPP pre-treatments are shown in Table 2 . They were higher (34.32-46.88% w/w) than those observed in fresh muscle without HPP pre-treatment. To assess the relative effect of pressure and frozen storage on the value of E w , a multifactor ANOVA was applied. The model obtained was significant (p < 0.0001). Experiment 1 was excluded because it was detected as an outlier point. ANOVA showed that E w was mainly affected by the quadratic term of pressure (F value = 13.52) and by the interaction term for pressure and frozen time (F = 7.79) followed by linear pressure level and linear frozen time terms. Quadratic frozen storage exerted less influence. The determination coefficient (r 2 ) was 0.9289. The prediction of the model obtained is shown in Fig. 1a .
High-pressure levels and longer frozen storage times can produce a significant increase of E w . However, fish exposed to a pressure of 150 MPa followed of 2.5 months of frozen storage yielded an expressible water value of 37.86% (w/w). The use of this pressure and frozen storage time produced a E w enough for a desirable juiciness.
At 150 MPa, studies on other fish species showed comparable results. E w values lower than 40% (w/w) were obtained for Atlantic mackerel (S. scombrus) [28] . In sea bass fillets, the E w of the samples treated at 100 MPa was not different from non-treated samples. With high-pressure levels (250 and 400 MPa) and holding times (5-30 min), water holding capacity decreased significantly [5] . In a study of low-salt restructured products from Atlantic mackerel, an E w value of 38.7% was obtained as optimal [34] .
HPP pre-treatments gave expressible water values for cooked muscle between 30.10 and 36.32% (w/w) ( Table 2 ). The effect of pressure and frozen storage on E w of the cooked fish was assessed by ANOVA. However, the model was negligible showing an F value of 3.00.
Fish colour
The mean colour parameters for fresh muscle were 59.58 for L Fig. 1b . The L * value significantly increased with pressure level, reaching a value of 79.06 at 450 MPa. Low-pressure levels (150 and 169.27 MPa) showed no differences compared to non-treated samples.
An rise on the L * value with pressure was also observed on the muscle of Atlantic mackerel (S. scombrus) [28] , sea bass (Dicentrarchus labrax) [35] and horse mackerel (T. trachurus) [27] . This HPP effect could be interesting if whiteness is a desirable parameter by consumers. The effects of pressure level and frozen time on colour parameters a * and b * were also assessed by ANOVA. The models obtained were not significant. Table 3 shows the effect of frozen storage time up to 5 months on the textural profile of raw fish without pressure pre-treatment. Hardness of frozen muscle without pre-treatment was 5152 g-force and significantly increased when it was frozen stored. After 4.98 and 5 months of frozen storage, hardness increased to 9314 and 7764 g-force, respectively.
Textural profile analysis of raw samples
Texture parameters of raw muscle subjected to different HPP pre-treatments are presented in Table 4 . Hardness ranged from 7246 to 14763 g-force. The effect of HPP and frozen time on raw fish hardness was assessed by ANOVA. A significant model for hardness was achieved. This parameter was greatly affected by the linear term of pressure with an F value of 93.09 and by the quadratic term of the same parameter with an F value of 20.35. The terms corresponding to linear and quadratic frozen times and the interaction between pressure and frozen time, exerted a minor effect on the hardness of muscle. Figure 2a shows the prediction with a coefficient r 2 of 0.9603. A strong increase on hardness is obtained using high-pressure levels. The hardness of raw samples (5152 g-force) increased to 14623 g-force at 450 MPa.
An increase in hardness with the pressure level was also observed in other species like Atlantic mackerel (S. scombrus). The effect of frozen time subsequent to HPP treatment was negligible in that case [28] . In cod (Gadus morhua), hardness increased with the pressure level whereas only slight modifications were detected throughout the frozen storage [36] . Hardness of horse mackerel (T. trachurus) was mainly affected by pressure and frozen storage [27] .
The adhesiveness of fresh muscle was −175.7 g s and decreased with the frozen storage time, reaching a value of -56.9 g s after 5 months at −10 °C. When HPP pre-treatments were applied, the adhesiveness values ranged from −50.3 to −392.2 g s. The ANOVA analysis for adhesiveness resulted in a significant model. Adhesiveness was mainly affected by the linear and quadratic terms of pressure with F values of 8.22 and 6.72, respectively. The quadratic frozen storage term was also significant (F value = 7.15). A minor influence was observed for the linear frozen storage term and the interaction of pressure with the frozen storage. The coefficient of model r 2 was 0.8501. The model prediction is shown in Fig. 2b . The model obtained can be used to select a similar adhesiveness to that of fresh fish. Comparing with other species, the adhesiveness of horse mackerel (T. trachurus) was mainly affected by the linear and quadratic pressure terms. However, the effect of frozen storage time on adhesiveness was negligible [27] . The pressure treatments affected negatively the adhesiveness of Atlantic mackerel (S. scombrus) using high levels of pressure and frozen storage for long times [28] .
Springiness of fresh muscle (0.232) increased with the frozen storage time in non-treated samples, reaching a value of 0.377 after 5 months. Springiness values for HPP pretreated raw muscle ranged from 0.294 to 0.494. Similar ranges were found for HPP pre-treated and frozen Atlantic mackerel (S. scombrus) (0.189-0.346), HPP pre-treated and frozen Horse mackerel (T. trachurus) (0.224-0.492) and Gilthead sea bream (Sparus aurata) restructured products (0.200-0.600) [27, 28, 37] .
For springiness, ANOVA shows an F value of 6.67 excluding experiment 10 as outlier. The value of r 2 was 0.6558. The assessment of the F values revealed that springiness was mainly affected by the linear terms of pressure and frozen time with F values of 5.62 and 5.07, respectively. The prediction is shown in Fig. 2c . The two variables affected positively the springiness values. Pressure levels between 150 and 300 MPa gave springiness values in the range 0.301-0.388 like those observed in frozen muscle controls (0.326-0.377). Contrary, previous studies on horse mackerel (T. trachurus) showed that springiness was not affected by the variation of pressure and storage time [27] . This fact can imply a species-dependent effect.
Cohesiveness of fresh muscle (0.247) increased with the frozen storage time at −10 °C, reaching a value of 0.414 for 5 months. Cohesiveness values of HPP samples ranged between 0.294 and 0.476. A similar range of cohesiveness was determined in restructured gilthead sea bream, where cohesiveness ranged 0.30-0.40 [37] . The prediction linear model for cohesiveness was significant (r 2 = 0.8581). The main effects were due to the frozen storage and pressure with F value of 30.01 and 20.49, respectively. The prediction of the model is shown in Fig. 3a . HPP pre-treatments caused an important growth on cohesiveness values when higher pressure and longer storage times were chosen. At 430.73 MPa and 4.68 months of frozen storage, the cohesiveness value was 0.476. This effect was also observed in another fish species (Atlantic mackerel, S. scombrus) for which HPP produced also a rise whilst higher pressure levels and longer frozen storage times were chosen [28] .
The chewiness values of control muscle (320 g-force) increased to 1213 g for 5 months of storage at −10 °C. HPP pre-treated samples showed a wide range of chewiness values (713-3583 g). The multifactor ANOVA analysis led to a significant linear model (F value = 10.00). Chewiness was mainly affected by the pressure level (F value = 17.14). The coefficient r 2 for the model was 0.7144. The prediction for chewiness is shown in Fig. 3b . The changes on chewiness with the time of frozen storage were more pronounced for higher pressure. For example, at 430.73 MPa, 0.32 and 4.68 months of frozen storage gave chewiness values of 2255 and 3583, respectively.
Textural profile analysis of cooked muscle
Textural parameters for cooked muscle samples without HPP pre-treatment are shown in Table 3 . When the samples of fresh controls were cooked, hardness (8060 g-force), springiness (0.42), cohesiveness (0.45), and chewiness (1541) were higher than those of raw samples, mainly chewiness. However, adhesiveness was lower after cooking (−93 g s). This behaviour was also observed for any time of frozen storage considered.
All textural parameters for cooked muscle were affected by the frozen storage time. However, the effect on springiness and cohesiveness was very small. After freezing and The results on the cooked texture profile of HPP are shown in Table 5 . Using multifactor ANOVA, no significant models were obtained for hardness, adhesiveness and springiness. The values range for these parameters were: hardness: 8669-18405 g-force, adhesiveness −29.9 to (−259.6), and springiness 0.336-0.591.
Significant models for cohesiveness (F value = 10.75; r 2 = 0.9307) and chewiness (F value = 7.70; r 2 = 0.9059) were obtained. Cohesiveness (0.428-0.548) was mainly affected by the interaction between pressure and frozen storage (F value = 16) and the quadratic pressure level terms (F = 12.19). The linear and quadratic frozen storage time terms exercised a minor influence and the effect of linear term pressure of pressure was insignificant. The prediction on cohesiveness is shown in Fig. 4a . The model obtained can be used to select a value of cohesiveness like that of cooked fresh muscle without HPP pre-treatment. Therefore, a pressure of 300 MPa and a time of frozen storage of 5 months gave cohesiveness like that of cooked fresh muscle (not HPP treated).
Chewiness was mostly affected by the quadratic term for pressure level (F = 15.76) followed by the linear and quadratic terms for frozen storage time (F value = 8.01 and F Fig. 4b . The model obtained can be used to select a value of chewiness like that observed in cooked fresh muscle. A pressure of 300 MPa followed by freezing and frozen storage during 5 months yielded a chewiness value like that of cooked fresh muscle without HPP pre-treatment.
Conclusions
Frozen storage of European hake (M. merluccius) at −10 °C led to important changes on colour parameters of raw muscle and texture profile of both raw and cooked muscles of European hake. However, lightness of raw fish was not affected. The frozen storage for 5 months of European hake caused important changes on the water holding capacity of both raw and cooked muscles. A pre-treatment at 300 MPa before frozen storage at −10 °C for 5 months yield a cohesiveness and 
